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MILESTONE REPORT 
 
Executive Summary: 
  

Under this grant, we pursue two different routes that may help increase the efficiency and 
lower the cost of thin film silicon solar cells.  Our first approach (Track 1) is based on our 
unique ability to produce silicon nanocrystals in a low-pressure plasma-based synthesis reactor 
and to embed these nanocrystals in amorphous silicon films.  Our novel deposition process ena-
bles us to independently control the properties of the amorphous matrix and of the crystalline 
phase, which we hope will enable us to improve the electronic quality of amorphous silicon that 
is used in thin film solar cells.  In the second approach (Track 2), we study using such embedded 
nanocrystals as nuclei for seed-induced re-crystallization of amorphous silicon films.  We expect 
that controlling the seed concentration will enable us to grow microcrystalline Si films faster and 
with grain sizes larger than possible with other deposition approaches.  This may enable the 
cheaper production of solar cells based on microcrystalline silicon. 

During the current project period, efforts under track 1 studying the effects of the density 
of embedded nanocrystals on the conductivity of a-Si:H films.  A remarkable increase of the 
conductivity with increasing crystal fraction is observed.  The conduction mechanism is identi-
fied as multi-phonon hopping mechanism.   

In track 2 studies focused on understanding the growth kinetics of grains in nanocrystal 
seeded films.  A new growth model was developed that seems to satisfactorily describe the 
growth of the grains over a wide range of crystal fractions.  At higher crystal fractions, a reduc-
tion of the growth rate due to competition of neighboring grains is observed.  

Project funding provided by customers of Xcel Energy through a grant from the Renewa-
ble Development Fund. 

 
Technical Progress:  
 
Both tracks of the project have made good progress and achieved the milestone set in the con-
tract. The progress made on both tracks will be discussed below. 
 
Track 1: Embedded nanocrystals in amorphous silicon 



 

 
Within this research track, we are continuing to study the effects of the embedded silicon nano-
crystals on the optical and electronic properties of hydrogenated amorphous silicon (a/nc-Si:H).  
This quarter we have investigated the conductivity of doped a/nc-Si:H thin films over a wide 
range of temperatures, from liquid nitrogen temperatures (~80K) to 470K.  The films have a 
range of crystalline fractions (XC), from 0 to 36%, as determined by Raman spectroscopy.  As 
solar cells require both an n- and p-type layer in order to form the junction that separates the 
charge carriers, studying the transport in doped a/nc-Si:H films is also an important step on the 
way to producing a/nc-Si:H photovoltaic devices.  As described in the first quarterly report (Q1), 
a dual plasma system has been used to produce silicon nanocrystals in one plasma deposition 
system.  The particles generated in this system are then entrained by a carrier gas and injected 
into a second plasma deposition system.  These nanocrystals are embedded into a hydrogenated 
amorphous silicon film being grown in the second plasma chamber.   
 
For the conductivity measurements, a constant voltage is applied across the sample and a 
femtoammeter measures the current, from which the conductivity is calculated.  The samples are 
initially annealed in the dark under vacuum at 470K, in order to remove any effects due to prior 
light exposure or surface adsorbates.  The films are then cooled to ~80K.  All conductivity meas-
urements are measured upon warming, at a rate of ~1 K/min, to 470K.  
 
The data for all the doped mixed phase films are plotted in figure 1.  The conductivity for a 
doped sample with the nanoparticle reactor off (0%, red) is also provided for reference.  The 
conductivity for the <1% film (orange) is about an order of magnitude lower than the reference; 
this is likely due to a different precursor gas mixture as the nanoparticle reactor was on for the 
<1% film, but off for the 0% film.  Starting from the <1% film, we see that the overall conduc-
tivity increases with crystalline content (XC), with the exception of the 25% film, to be discussed 
below.  Notice also that the general shape of the curves change as XC is increased, from a typical 
Arrhenius temperature dependence (which would be a straight line in Fig. 1) to another tempera-
ture dependence that exhibits curvature on a log σ vs 1/kBT plot.  To understand the functional 
form, we applied the activation energy analysis as described in the quarter 8 report.  A log-log 
plot of the activation energy as a function of temperature is plotted in figure 2.  By fitting this 
plot with a straight line, the slope is x as in equation (1): 
 
 ( )[ ]xTT −−∝ 1

0 /expσ  (1) 
 
As can be seen, the films with XC > 15% (besides the 25% film) exhibit a type of conduction that 
is non-exponential in nature, with a best fit slope of ~1, making the exponent independent of 
temperature.  The best fit comes from a power law dependence, σ ~ Tn.  This type of temperature 
dependence is characteristic of multi-phonon hopping, which has previously never been observed 
in a/nc-Si:H films.   
 
A word of note regarding the XC = 25% film.  This film exhibits a dependence of the activation 
energy that is characteristic of variable range hopping (VRH, the pink solid line in figure 2).  
Unhydrogenated amorphous silicon (a-Si) is also known to exhibit VRH; a plot of data taken on 
a sputtered a-Si is also shown (empty circles) for reference.  One can see that the two lines are  
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Figure 1: Conductivity data for doped a/nc-Si:H films with XC varying from 0 to 36%.   
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Figure 2: Log of the activation energy as a function of log temperature.  For reference, the pink 
solid line shows what one would expect for VRH and the teal solid line shows what one would 

expect for a non-exponential dependence, such as a power law, σ ~ Tn. 
 

 
 



 

nearly parallel.  We believe that this film displays a different conduction mechanism because it is 
much thinner than all of the others.  This film is ~100 nm, compared to 250 nm for the next thin-
nest film.  The growing importance of surface versus bulk states in this thinner film may lead to 
a change in transport mechanism.  Further studies of this situation are underway. 
 
This work will form part of the invited presentation and publication of J. Kakalios at the Spring 
2011 Materials Research Society (MRS) Meeting in San Francisco.  In addition, one of the grad-
uate students working in this track (L. R. Wienkes) will present the studies of doped a/nc-Si:H 
films, described in this quarterly report, in a poster presentation at the Spring 2011 Materials Re-
search Society (MRS) Meeting in San Francisco. Xcel support will be acknowledged in both 
publications.   
 
Track 2: Large-grain re-crystallized Si 
 

The second track of the project aims at controlling the grain structure of micro-crystalline 
films through the annealing of amorphous silicon films in which silicon nano-crystals are em-
bedded as “seeds” for crystal grain growth.  The primary goals for this approach are to reduce the 
heating (annealing) time required to fully crystallize films as well as to increase the overall grain 
size within the final crystallized structure, relative to other commonly used processes. Results of 
quarters past have shown significant success through reduction of required heating times, repro-
ducible control of final grain structure and electronic properties, while also revealing a potential-
ly new mode of solid phase transformation.  

Fully exploiting the capabilities of these film structures requires further understanding of 
this novel mode of crystallization, and a detailed knowledge of the process parameters that affect 
it.  In quarter 8, efforts were focused primarily on quantitative analysis of the stress state induced 
by seed inclusion by measuring the variation of stress with particle density. The efforts of quarter 
9 continued with the establishment of a preliminary growth model of seed enhanced crystalliza-
tion.  

Previous work has extensively studied the solid phase crystallization behavior of amor-
phous silicon films in the context of classical nucleation theory [1, 2]. These growth models ap-
ply mainly to films without any pre-existing crystalline phase, in which the crystal growth pro-
cess occurs via a random, homogeneous emergence of crystalline clusters. The density and 
growth rate of these clusters is sensitive to many film parameters and are closely coupled in a 
manner such that creating large grains often comes at the expense of a longer required anneal 
time. This trade-off has been the primary burden in efforts to optimize film properties in the SPC 
amorphous film community.  In our films, however, the embedded silicon nanocrystal seeds 
serve as pre-existing nucleation sites and control both the final grain structure and the grain 
growth rate in a manner such that both are optimized mutually. Specifically, we have found that 
the conditions that optimize grain structure (lower seed density), also increase grain growth rate, 
meaning that the “trade-off” commonly experienced in native nucleation SPC, is completely 
eliminated, as can be seen in the crystal growth plots of figure 2. 

Since this growth behavior cannot be described accurately by classical nucleation models, 
in order to optimize crystallization further, in this quarter we propose a new growth model tai-
lored to our seeded film structure. Considering the uniform distribution of the seed population 
within the film, the inter-particle distance is usually above hundreds of nanometers (for the parti-



 

cle density of 30 particle/µm2, the distance is around 400nm). Therefore, the growth volume em-
anating from the seeds can be divided into two stages: the initial “free grain growth” regime in 
which crystal volumes expand from each seed uninhibited by surrounding constraints (such as 
other seeds or the film extent) and the following growth which fills up the remaining amorphous 
regions between growth volumes after the growth fronts meet with each other. Using simple ge-
ometric considerations and assumptions, the crystal volume fraction at which stage 1 ends and 
stage 2 begins (referred to as the critical crystal fraction or Хc,critical ) can be easily predicted 
(Figure 3).  

 
Figure 3: Schematic of the growth model of seeded films including two distinct stages. The third 
frame depicting the critical crystal fraction. 

The thickness of the film is always less than the inter-particle distance; therefore it is ap-
propriate to assume two-dimension growth during the first stage, according to the following rela-
tionship: 

Xc = Xc0 +πρvg
2t2  

Where Xc0 is the initial crystallinity estimated from seed population density data taken in TEM 
and AFM, vg is the isotropic grain growth velocity and ρ is the effective seed density which takes 
into account the effect of seed stacking. After reaching Xc,critical, the crystallization growth in 
stage 2 can be described by: 

Xc = Xc,final-ρ(4-π)[(1/ρ)1/2-vgt]2 

Where Xc,final is  the final crystallinity, which is typically  near 0.8. The measured recrystalliza-
tion curves (Figure 4) were fit with the above growth model formulas to acquire the grain growth 
velocity for films having three different seed population densities (Figure 5).  
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Figure 4: Plot of volume of crystalline fraction as a function of annealing time (at 650 C), for 
different seed deposition times: 2s, 10s, 30s corresponding to low, med, and high seed popula-
tions. 
 
 

As table 1 shows, the grain growth velocity shows a clear increase with decreasing seed-
density, most likely associated with inter-seed competition for surrounding amorphous material. 
The slightly difference of vg between two stages is due to the 2-D approximation at the first 
stage. The effective seed density shows slow increase with increasing particle deposition time, 
which agrees with both TEM and AFM observations of particle stacking within the seed layer.  
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Figure 5: Plot of volume of crystalline fraction as a function of annealing time (@650C), for a) 
2sec seed deposition, b) 10sec, c) 30sec. 

 
 

 

 Normal Grain 
Growth velocity 
Vg (nm/min) 

Initial seed densi-
ty (Part./µm2) 

Initial crystallinity 
Xc0 

Effective seed den-
sity ρ (Part./µm2) 

2s Stage 1: 4.15 

Stage 2: 4.46 

1 0 1.15 

10s Stage 1: 2.92 
Stage 2: 3.57 

4 0.01 1.19 

30s Stage 1: 2.44 
Stage 2: 2.87 

12 0.03 1.21 

Table 1: Growth parameters of the seeded films fit with the proposed growth model.  
 

 
In summary, due to the unique nature of our film structure, traditional growth models 

were unable to accurately describe the crystal growth behavior observed empirically. As such, a 
preliminary model was successfully developed which fits existing data and qualitatively depicts a 
capability for these seed structures to simultaneously optimize both primary film parameters that 
was not possible in traditional native nucleation efforts.  

c) 



 

 
 

  
 
 
 
LEGAL NOTICE 
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IT DOES NOT NECESSARILY REPRESENT THE VIEWS OF NSP, ITS EMPLOYEES, 
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CONTRACTORS, AND SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR 
IMPLIED, AND ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS 
REPORT; NOR DOES ANY PARTY REPRESENT THAT THE USE OF THIS INFOR-
MATION WILL NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.  THIS RE-
PORT HAS NOT BEEN APPROVED OR DISAPPROVED BY NSP NOR HAS NSP 
PASSED UPON THE ACCURACY OF ADEQUACY OF THE INFORMATION IN THIS 
REPORT.  
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Conference Paper Abstract submitted to the Materials Research Society Spring Meeting, 
to be held April 25-29, 2011, San Francisco, CA 
 



 

Growth behavior of faceted nano-crystals embedded in amorphous silicon thin 
films 

Jason Trask, Lin Cui, Andrew Wagner, and Prof. Uwe Kortshagen 
 
Control ID: 759819 

 
Applications of polycrystalline silicon (poly-Si), including thin-film transistors and 

solar cells, have become popular in the last several years.  The possibility to combine 
the stability and excellent electronic properties of single crystal Si with the cost ad-
vantage of Si thin films is highly attractive. To fully realize this goal, efforts have been 
focused on maximizing grain size with minimal additional processing. Of the family of 
thin films contributing to this effort, studies have shown that microcrystalline films ob-
tained from solid-phase-crystallization (SPC) of hydrogenated amorphous silicon (aSi:H) 
exhibit the potential to achieve the highest quality grain structures. However, control of 
final grain structure is often attempted through control of native nucleation rate; since 
nucleation rate is sensitive to several factors, achieving reproducible grain structures 
can often be difficult. 
 In this paper, we discuss a new method for more effectively controlling the crys-
tallization and final grain structure of aSi:H by embedding nanocrystallites within the 
bulk film matrix. Films were produced by PECVD with a system in which two plasmas 
were operated to produce crystallites and amorphous films separately. This approach 
allows crystallite synthesis conditions to be tuned independently from aSi:H film synthe-
sis conditions, providing a large parameter space for film structures, specifically, control 
of particle size, shape, quantity, and location within the aSi:H film thickness. The films 
studied consist of a structure in which a single layer of cubic-shaped “seed” crystallites 
exists between two layers of hydrogenated amorphous film. Several single seed-layer 
films were deposited with varying populations of crystallites, each confirmed by TEM to 
be cubic in shape with sizes ranging between 20-30nm in edge length.  

The crystallization kinetics of each film were studied via Raman spectroscopy 
throughout a staged annealing process, in which seeded films consistently displayed a 
characteristic crystallization time less than the incubation time of unseeded films. More 
interestingly, films with larger initial seed concentrations exhibited longer characteristic 
crystallization times than more sparsely seeded films, suggesting that the growth rate of 
more heavily seeded films is potentially hindered by competition between adjacent 
seeds. A preliminary growth model is presented and cross-referenced with AFM charac-
terization to fit the crystallization data. The model suggests that grain growth from each 
embedded seed crystal may be an-isotropic, with higher growth rates occurring in the 
plane of the seed layer due to elevated stresses, an argument which is supported by 
Raman characterization of as-deposited films.  
 
This work was supported by the Xcel Renewable Development Fund under grant RD-3-
25 and by NSF under grant DMR-0705675. 
 
 


